Abstract-Although nocturnal hypokinesia represents one of the most common nocturnal disabilities in Parkinson disease (PD), it is often a neglected problem in daily clinical practice. We have developed a portable ambulatory motion recorder (the NIGHT-Recorder), which consists of 16-bit triaxial integrated microelectromechanical system inertial sensors that are specifically designed to measure movements, register the position of the body with respect to gravity, and provide information on rotations on the longitudinal axis while lying in bed. The signal processing uses the forward derivative method to identify rolling over and getting out of bed as primary indicators. The prototype was tested on six PD pairs to measure their movements for one night. Using predetermined definitions, 134 movements were captured consisting of rolling over 115 times and getting out of bed 19 times. Patients with PD rolled over significantly fewer times than their spouses (p = 0.03), and the position change was significantly smaller in patients with PD (p = 0.03). Patients with PD rolled over at a significantly slower speed (p = 0.03) and acceleration (p = 0.03) than their spouses. In contrast, patients with PD got out of bed significantly more often than their spouses (p = 0.02). It is technically feasible to develop an easy-to-use, portable, and accurate device that can assist physicians in the assessment of nocturnal movements of patients with PD.
INTRODUCTION
Parkinson disease (PD) is a progressive neurodegenerative disorder with the cardinal features of bradykinesia, rest tremor, rigidity, and postural instability [1] . Nonmotor symptoms (NMSs) in PD increasingly are being recognized in both early and late phases of the disease, and sometimes they are experienced even before the onset of the first motor symptoms, which currently are needed to confirm the diagnosis [2] . The evidence is also clear that the range of NMSs, including autonomic dysfunction, psychiatric complications, pain, fatigue, and sleep problems contribute significantly to poor health-related quality of life in patients with PD [3] . While treatment strategies are widely established for daytime symptoms of PD, nighttime problems often are neglected in clinical practice [4] . The inadequate recognition of nighttime problems in PD may be due to a lack of awareness by both patients and treating physicians that these symptoms are PD-related and the inability of patients to articulate their nighttime problems during consultations. Depending on the instruments used to assess nocturnal symptoms, disturbances during the night are reported to be very common among patients with PD. A recent study found that 96.6 percent of patients had at least one nocturnal symptom based on the criteria developed for the modified version of the Parkinson Disease Sleep Scale (PDSS) [5] . Nocturnal symptoms of PD should not be viewed as solely a nighttime problem. It is more accurate to consider them as part of a continuum of manifestations that primarily occur in the night, but with a significant effect on patients' symptoms and functioning during the day as well. Recent studies also provide strong evidence of a negative effect of nocturnal symptoms on patients' quality of life and increased caregiver burden [6] [7] .
Nocturnal symptoms in PD can be categorized into four groups: (1) PD-related motoric symptoms and nocturia, (2) treatment-related nocturnal disturbances, (3) psychiatric symptoms, and (4) other sleep disorders [8] . Among motoric symptoms, inability to turn over in bed was rated as the most troublesome symptom and affected 45 to 80 percent of patients with PD with insomnia [9] . The ability to roll over is an important sleep movement because it can enable the person to change positions, which can reduce the severity of breathing disorders or pressure sores that may occur in patients with PD while sleeping [10] . Symptoms may last throughout the night and extend to the early morning upon waking, including difficulty getting out of bed unaided, severe tremor, foot dystonia, and painful leg cramps [11] [12] . Sleep problems (middle and late night insomnia and daytime sleepiness) were also considered by many patients with advanced PD as their most troublesome symptoms [13] . These problems are not usually evident during the daytime but frequently occur with excessive daytime somnolence and fatigue, although recent evidence suggests that these symptoms are not highly correlated [14] [15] . It is also difficult for physicians to recognize specific nocturnal symptoms in individual patients and focus the treatment regimen accordingly [14, 16] . It is considered good practice for physicians to take the initiative and raise the issue of nocturnal problems with their patients if they are suspected during routine consultations [17] . For these reasons, there is a need to develop instruments that are clinically applicable and can assist the treating physicians in developing treatment regimens and rehabilitation programs based on an accurate diagnosis of nocturnal symptoms.
Currently, there are various methods that can help determine the presence of nocturnal symptoms in patients with PD. Most are in the form of surveys and questionnaires. Earlier practice used nonformalized surveys to identify nighttime problems in PD [18] [19] . Specific scales, such as the PDSS, the Pittsburgh Sleep Quality Index, and the Scales for Outcomes in PD-Sleep have been developed specifically to evaluate sleep and nocturnal disabilities in PD [20] [21] [22] . Recently, our group has modified the PDSS to capture more nocturnal symptom domains and provide evidence for the relationship between nocturnal manifestations of PD and daytime wearing-off [5] . With the advances in sensor technology, there is increased interest in the ambulatory assessment of symptoms in PD [23] [24] [25] , but very few studies have been dedicated to the objective monitoring of nocturnal symptoms [26] [27] . Actigraphy (Actiwatch AW4, Cambridge Neurotechnology Ltd; Cambridgeshire, United Kingdom, and Actiwatch L, Philips Respironics; Andover, Massachusetts) is a small, wrist watch-sized activity monitor that can register and quantify physical activity. It has been tested to estimate information about sleep variables (e.g., total sleep time, sleep efficiency, wake after sleep onset, number of wake bouts, daytime napping), with results compared with the gold-standard overnight polysomnography in patients with PD [28] [29] [30] . However, a significant degree of variability in individual patients with PD still occurs with actigraphy, limiting its use in daily clinical practice. Since the inability to turn over in bed is the major manifestation of nocturnal hypokinesia and preliminary evidence suggests that patients with PD change their position in bed less frequently than do nondisabled elderly people [11, 31] , we sought to develop an inertial sensor that can provide quantitative monitoring of axial rotation of patients with PD and their spouses while in bed.
METHODS

Design and Fabrication
To detect rolling over in bed and related sleep disruptions, a device is needed to accurately measure the body position and movements throughout the sleep period. Chulalongkorn Centre of Excellence on Parkinson Disease & Related Disorders has collaborated with Thailand's National Electronics and Computer Technology Center to develop a portable ambulatory motion recorder (the NIGHT-Recorder) specifically for this purpose. The NIGHT-Recorder is composed of five modules: a microcontroller, a power management module, a sensor module, a real-time clock module, and a data storage module (Figure 1) . The NIGHT-Recorder is powered by a single AA battery (1,000 mA·h). With power consumption of 30 mW, the device can record up to 50 h or about 6 nights for a regular 8 h sleep period. The sensor module consists of 16-bit digital-output triaxial integrated microelectromechanical system accelerometers and gyroscope (3 × 5 × 1 mm, 0.18-0.7 mA) capable of measuring linear and angular acceleration in three translational planes (x, y, z). Figure 2 shows the axis arrangement of the sensor with the transverse plane of the chest representing the y-axis. This device has been specifically designed to measure movements and to determine the position of a human body with respect to gravity, providing information on rotations in the longitudinal axis while lying in bed. The accelerometer utilizes a differentiable capacitor with central plates attached to the moving mass and fixed external plates. The detected acceleration unbalances the capacitor, resulting in the output wave of the accelerometer.
The NIGHT-Recorder was mounted on a lightweight plastic module, 45 × 65 × 23 mm, weight 28.9 g, with offset and temperature drift compensation (Figure 1) . The device was calibrated by measuring the signal under controlled inclination, i.e., by rotating the device to provide a signal output corresponding to +1 and -1 g (gravitational acceleration). However, it can provide a programmable full-scale range of ±2 g, ±4 g, ±8 g, and ±16 g. With the full-scale range set to ±8 g, the smallest change the sensor can detect is 2.44 × 10 -4 g, or 2.39 mm/s 2 . The direct current output is 0 when the sensitive axis is parallel to the gravitational axis. The recordings were obtained with a 10 Hz sampling rate, and data were stored on a 1 GB secure digital (SD) memory card in comma-separated value format. Each hour of recording constitutes 950 kB of data for storage. A higher sampling rate was considered unnecessary for recording nocturnal movements, in which the movements tend to be slow.
The NIGHT-Recorder was fastened with Velcro bands and worn above the nightclothes at the sternum about 5 cm below the jugulum, chosen because it is a rigid body structure close to the center of mass and to reduce artifacts caused by arm movements. The sensitive axis (y-axis) for body rollover was in a transverse horizontal plane to the frontal aspect of the sternum, the dorsum of the lower arm segment, the frontal aspect of the thigh, and the lower leg segment (Figure 2) . The cost of production of the whole system including the analysis software was approximately $800.
Detection of Rolling Over in Bed
Rolling over in bed is defined as a series of unconscious motions during sleep involving rotational body movements [32] . In our study, we adopted the operational definition of rolling over as a series of at least a 15 rotational movement of the trunk from one static position to another that is sustained for at least 5 min in a y-axis plane. This criterion was applied in some previous studies, although the period of sustained duration varied [26, 31] . The movement of limbs was not considered as rolling over. In addition, we identified getting out of bed or sitting up activities from the recording by a rapid rise of acceleration in the x-axis of more than 45 from either static or rotational movements [33] .
Signal Processing
After one night recording, the data were transferred from the SD memory card to the workstation computer running a high-level language software for signal processing and analysis. After checking that signal output corresponded to +1 and -1 g, the data in the gravity unit were multiplied by a factor of 90 to convert to the angular data in degrees. Then, the angular data were filtered to dispose of high frequency (noisy) components by applying a moving-average filter of 21 samples with the following equation:
To reduce computational time while maintaining consistent results, the average filter was down-sampled by a factor of 60, resulting in the sampling rate of 10/min. We found that this sampling rate is sufficient for the relatively slow movement at night.
To detect body rollover according to the aforementioned criteria, we performed the forward derivative method on the angular data to obtain its derivatives. Samples of the derivative signals that had values of larger than +15 or smaller than -15 were identified as potential samples. The positive and negative values indicated the direction of the rollover, i.e., positive values for right turns and negative values for left turns accordingly. Then, the software only marked the samples that fit the operational definition of sustaining in a new static position for longer than 5 min. Similar procedures but with different criteria were also applied to the same set of data to obtain the getting out of bed activities. Figures 3 and 4 show samples of the data set demonstrating rolling over and getting out of bed activities in one patient with PD and his spouse.
Experimental Verification
After the study was approved by the Human Ethical Committee of the Faculty of Medicine of Chulalongkorn University, 12 subjects (6 patients with PD and their spouses) were invited to participate in the study as part of the experimental verification to record their nocturnal movements for one night. Six patients were evaluated by two independent movement disorder neurologists, whose assessment was based on clinical findings and examinations. They assigned the diagnosis of PD using the United Kingdom Parkinson Disease Society Brain Bank diagnostic criteria [34] . In addition, all spouses were carefully examined by the same set of neurologists and deemed not to have any signs of parkinsonism. Subjects who were bed bound, took sedatives or hypnotics, or were diagnosed with any axial musculoskeletal disorders were excluded from the study. All participants provided informed consent.
Experimental Procedure
The experiment was conducted in the patients' own bedrooms without any changes or modification of their sleeping environment. All subjects were set up with the NIGHT-Recorder placed at the sternum as described previously. The whole setup took less than 15 min. Subjects were instructed to complete a sleep diary for sleep times and the episodes of getting out of bed if awakened. Sleep times were defined as the period that the subjects were in bed excluding the first and last 5 min. If any discrepancies occurred between sleep times as provided by subjects' records and sleep times registered by the accelerometer, the registration by the accelerometer was synchronized with the data reported by the subjects. The characteristics of rolling over include degrees, duration, velocity, and acceleration. Figure 5 describes different outcome parameters in categories, descriptions, and units.
Statistical Analysis
Anonymous data, conforming to data protection legislation in Thailand, were transferred to the Chulalongkorn Centre of Excellence on Parkinson Disease & Related Disorders for detailed statistical analysis. Baseline characteristics of both patients with PD and their spouses were summarized using either means and standard deviation or frequencies and percentages as appropriate. Wilcoxon matched-pairs signed-ranks test was used for comparison of outcome parameters between patients with PD and their spouses. A p-value <0.05 was considered statistically significant. Statistical analysis was performed using SPSS version 17.0 (IBM Corporation; Armonk, New York). Table 1 shows the demographic data and disease characteristics of all subjects. There were no significant differences between age, weight, body mass index, and sleep duration between patients and their spouses. All subjects were right handed. All participants were able to complete a one-night assessment with the NIGHTRecorder without any adverse events. All subjects wore the devices comfortably and did not feel the heat transmitted from the device on their skin. The sleep duration was not significantly different between patients with PD and their spouses. Mean disease duration of patients with PD was 10.8 ± 6.2 yr. In total, 134 movements were captured: 115 rolling over and 19 getting out of bed activities. Patients with PD had fewer episodes of rolling over than their spouses (p = 0.03), and the degree of rolling over was smaller in patients with PD (p = 0.03). While the duration of turns between the two groups was not statistically significant, patients with PD rolled at a slower speed (p = 0.03) and acceleration (p = 0.03) than their spouses. In contrast, patients with PD had more episodes of rising from bed activities than their spouses (p = 0.02). Pearson correlation and scattered plots were also performed to determine the validity of each parameter (see Appendix, available online only). These episodes were verified with each of the subject's corresponding sleep diary to identify that the purposes of all getting up episodes were nocturia. While four out of six patients with PD (67%) had fewer episodes of rolling over in the latter half of the night, nocturia was observed throughout the night in all six patients with PD. Table 2 gives an overview of these data.
RESULTS
DISCUSSION
The aim of our study was to develop a device (the NIGHT-Recorder) that can capture axial rotational movements in PD. We hypothesized that patients with PD might show different axial nocturnal movement patterns than their spouses, but we only focused on the rolling over and getting out of bed activities in this analysis. Our study provides an example of an accelerometer in a proper orientation that can be developed technically and with the required accuracy of measuring the kinematics of axial rotations at night. Moreover, the device is easy to set up and Definitions of nocturnal movement parameters used in study. Table 1 .
Demographic data of patients with Parkinson disease (PD) (n = 6) and their spouses (n = 6). Data given as mean ± standard deviation. relatively inexpensive, with a potential for clinical applications for nocturnal assessment in patients with PD. Although the data cannot as yet be generalized, the results of axial nocturnal movements in our pilot study have identified several characteristics of the problems of rolling over among patients with PD, including less frequent turns, smaller turns, and slower turns when compared with matched spouses. These findings reinforce previous observations of nocturnal hypokinesia-mostly conducted in the form of questionnaires and interviewsshowing that impaired bed mobility exists and is likely to contribute to a wide range of nocturnal motor symptoms and NMSs in patients with PD, such as stiffness, rigidity, pain, breathing disorders, nocturia, or even insomnia [5, 9, [18] [19] [35] [36] [37] . Moreover, a number of recent studies support the negative effects of nocturnal hypokinesia on the overall sleep quality, daytime symptoms, and quality of life of both patients as well as caregivers [5, 7, [35] [36] [37] .
Parameter
There are several mechanisms underlying the axial disability in patients with PD. Primarily, axial disability is the clinical manifestation of the disease itself once the progression has reached the Hoehn and Yahr scale of at least stage 3 or more [38] . It appears that disorders of axial movements in patients with PD are dependent on the duration of the disease progression and associated increases in severity because of neurodegeneration [39] . However, the aging process on nondopaminergic subcortical structures has been found to contribute to the axial impairment in PD [40] . Changes in postural alignment, such as camptocormia, Pisa syndrome, and scoliosis can also pose additional mechanical limitation when patients with PD attempt to roll over [41] . Moreover, the loss of automatic associated movements at night causes the disruption of limb and axial movement sequences and is probably another contributing factor to the problems of rolling over in PD patients [39] . Certain medications, such as neuroleptics, may have an effect on the ability of patients with PD to turn at night.
Detection of the rolling over problems in PD has important clinical implications, particularly in the area of rehabilitation. Because failure to turn in bed is associated with gait disturbances, postural instability, axial rigidity, whole body bradykinesia, and difficulty rising from a chair, identification of impaired bed motility is likely to lead to early intervention of axial disability in PD, which is now considered as the index of disease progression [39, 42] . A study that evaluated the movement patterns used by patients with PD for rising from bed indicated that patients with PD were significantly less likely to vary the pattern of movement that they used for their trunk and head than older adults without PD, suggesting that there may be more constraints on degrees of freedom in the axial region for people with PD [43] . The rehabilitation program could impose a series of exercise training for turning in bed and teaching appropriate strategies for getting out of bed [9, 43] . Identifying those at risk and starting early rehabilitation could potentially reduce the risk of falling since the majority of falls in PD happen at home, commonly in bedrooms when patients attempt to get out of bed to go to the toilet [44] . Recent evidence also suggests that physicians should be more proactive in referring patients with PD (particularly Veterans with PD) to physical therapy and encouraging their participation in exercise [45] . Because the ability to turn in bed can be dopamine responsive, physicians have the option of adjusting dopaminergic medications to improve nocturnal Table 2 . Nocturnal movement parameters in patients with Parkinson disease (PD) (n = 6) and their spouses (n = 6). Data given as mean ± standard deviation unless otherwise noted. akinesia once identified [46] [47] . Since our preliminary results suggested that nocturnal hypokinesia was probably more evident during the latter half of the night, therapeutic trial of levodopa at bedtime is unlikely to be of benefit because of its short half-life. However, these early findings should be properly evaluated in large randomized controlled trials because the findings could have a significant therapeutic implication on what treatment will be the most appropriate for patients with PD with nocturnal hypokinesia (e.g., long-acting dopamine agonists). Adequate treatment of nocturnal akinesia can probably prevent other complications, such as pressure sores, breathing disorders, and aspiration, which are common in patients with advanced PD. From a diagnostic perspective, subclinical axial movement alternations at night may be an important marker for early diagnosis. However, this proposal was not confirmed in one recent study involving 33 subjects with a high risk of developing PD [26] .
CONCLUSIONS
With the advances in circuit technology, sensors have become smaller in size and better in performance, resulting in an emerging interest in this technology in the ambulatory assessment of nighttime symptoms in patients with PD. Indeed, the majority of smartphones and portable media devices nowadays are also equipped with sensor components, such as accelerometers. Our study has provided a proof of principle that it is technically feasible to develop an easy-to-use, portable, accurate, and cost-effective device that can assist physicians in the nocturnal assessment of patients with PD. Considering it is often difficult for patients to provide adequate clinical information on their nighttime problems to their treating physicians, we hope that this system can provide objective evidence of the impairment of rollover and result in appropriate intervention to improve the nighttime symptoms and quality of life of patients with PD. The application of this tool may extend to patients with other disorders that affect nighttime mobility, such as atypical parkinsonian disorders [48] . Since our research focuses on the identification of rolling over, additional studies are needed to develop the protocol to assess the full spectrum of nocturnal akinesia in patients with PD. By utilizing multisite accelerometers, additional information can be gained if we can objectively capture various movement disorders that may occur nocturnally in patients with PD. Furthermore, the device can also be used to study various bed turning strategies in patients with PD, which are an important source of information for therapists in providing comprehensive rehabilitation in order to prevent nocturnal complications associated with PD. The authors do not plan to inform participants of the publication of this study. However, participants have been encouraged to check the study Web site for updated publications.
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